Abstract A model of transfers of l4 C in the terrestrial and freshwater environment, emitted by atmospheric and liquid discharges from Pressurised Water Reactors under normal operating conditions, is proposed. Despite the complexity of the ecosystems involved, a simple assessment of the transfer pathways in the environment may be envisaged on the basis of the following assumptions : (a) 14 C behaves like !2 C with an isotopic ratio between the two isotopes that is unvarying during all considered transfers, and, (b) the l4 C concentrations in the environment are constant over time, which is only valid for chronic discharges. This model takes into account the chemical form, mineral or organic, of the released l4 C, and the input of l4 C through the irrigation water in the case of terrestrial agricultural products. An example of human dose calculation is achieved on the basis of a standard diet, assumed to be entirely self-consumed and contaminated by a chronic discharge. In this case, the annual dose equivalent by ingestion is respectively 40 ^iSv year" 1 for a volumic air activity of 1 Bq m\ and near 0,1 fiSv year' for a volumic water activity of 1 Bq m"\
INTRODUCTION
Carbon has two stable isotopes : l2 C, the most abundant, and n C, about 1.1 %. The radioisotope l4 Chas a half-life of 5730 ± 40 years and is produced naturally in the upper atmosphere ( l4 N -(n,p> > I4 C). In addition, there are also anthropogenic sources linked to discharges occurring during earlier atmospheric nuclear tests and to releases from fuel cycle installations and reactors.
The specific activity in a « non-contaminated » environment was reported in 1992 to be of the order of 0.260 Bqg 1 [1] . Gaseous emissions represent an important percentage of discharges of 14 C from a PWR and are mainly in the form of carbon dioxide CO2, the remaining organic l4 C, being mostly emitted as methane CH4, which plays no role in photosynthesis and is therefore not directly transferred to plants or animals.
The annual activity discharged by liquid effluents vanes widely from one electronuclear site to another, and the chemical forms produced are either carbonates, or very poorly known organic compounds.
BASIC MODEL CONCEPTS AND LIMITATIONS
Carbon is, with hydrogen, oxygen, nitrogen and phosphorus, a constituent element of living matter, with a mean concentration of 44 % in glucids, 50 % in proteins and 76 % in lipids. The behaviour in the biosphere of the radioisotope l4 C and its « transfer » is connected with general processes of the carbon cycle. Because these processes are particularly complex, all the models used in radioecology are based on the simplifying hypothesis of the equality of specific activities between the organism and the contaminating medium, according to the following general form : , the concentration of 12 C in the organism (kg kg 1 w. w.).
The uptake of carbon in the human organism is essentially linked to ingestion, at a rate of about 300 g a day for an adult, almost entirely absorbed, as opposed to 3 g a day of carbon inhaled, of which only I % is fixed in the organism [2] .
14 C TRANSFER IN FRESHWATER ECOSYSTEMS
Transfer to the primary production compartment C mineral forms are incorporated by the way of photosynthesis achieved by primary production (phytoplankton and macrophyta biomass). The mineral 14 C transfer model can be envisaged in highly simplified form on the basis of the equation (1), with the conservative assumption that the organism spends its whole life under chronic contamination conditions, so :
["c-L,.
(2) [ 12 C minl""f f with, [ l4 c]", the 14 C concentration in the organism or in the population of the "no" trophic level (Bq kg" 1 w. w.), [^Cmin^^, the total mineral carbon concentration in the water (g 1"'),[ 14 C mml,^,, the total mineral l4 C concentration in the water added to the water course ( Bq 1 ') and fr^, the 12 C (kg kg" 1 w.
w.) concentration in the organism.
For semi aquatic macrophyta, equation (3) has to be complicated to take into account immerged parts of the plant and transfer from atmospheric compartment for aerial parts. Assuming a constant value for the C proportion for the two part of the plant, the ,4 C concentration in such organism can be estimated by the following equation to avoid overestimation with the hypothesis of additivity of the two transfer pathways :
Transfer to animals of different trophic levels
For the successive consumers, at trophic level n, (J > 0), the same type of formulation may be used, considering direct transfer (osmoregulation or respiration) is negligible in comparison to trophic transfer (ingestion of preys of the trophic level) :
where fin or /f" ( represents the ,2 C concentration in the organism at trophic level or n^i respectively (kg kg 1 w. w.). Moreover, l4 C organic forms can be incorporated from the first order trophic level, using, first the same formulation as used in equation (2) with the isotopic ratio concerning organic forms, and then, equation (4) to calculate the transfer to higher trophic levels.
The very slow kinetic of mineralisation of organic carbon and the constant renewal of water in a river allow not to consider this l4 C transformation in the close field of the discharge point. Finally, at equilibrium, mineral forms of ,4 C in the water of the receptor river come from the PWR's liquid effluent releases with only a part that has been consumed by photosynthesis. Then, the expression [''Cndiil^^ = pm wattr -["cL^,. can be considered as an overestimation.
For the organic forms of 14 C in the river water, the expression [' 4 C«j=(l-pmW(JW,) [ l4 cllo(e,is retained as first approximation.
Finally, for fish of different trophic levels likely to be ingested by man, a first estimation, reasonably conservative, can be proposed to take into account both organic and mineral forms of released 14 C as follows:
with, (1 -pmwal er), the proportion of 14 C released as organic forms, p*wl Utr, the proportion of l4 C released as mineral forms, ftf ishthe carbon content of the fish (kg kg' w. w.) and, TCm^L, the I4 C total concentration for mineral forms in water (Bq I' 1 ). We propose a value of 0.050 kg C kg" 1 w. w.for ftfilk .
14 C TRANSFER IN TERRESTRIAL ECOSYSTEMS : VEGETAL AND ANIMAL FOODSTUFFS

Direct transfer from the atmosphere to plants
It is assumed that all the carbon taken up by plants comes from the atmosphere and that the mineral form intervenes only at local level (assumed to be in the form of CO{). The activity of 14 C in plants is estimated by :
with fCplam , the proportion of stable carbon of the plant considered (kg kg 'w. w.), pmmr, the proportion of Table 1 . 
Indirect transfer from irrigated land to plants
It is assumed that the mass plant activity coming from soil emanation . The fraction of carbon released from the ground participating in photosynthesis / is of the order of 20 % [6] . The rate of irrigation Twaurdepends on the region and the type of culture ; by default, the mean order of size is 0.5 m 3 m 2 year" 1 . This parameter, which may be null or may vary considerably, should be adjusted for each site and for each type of culture.
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Simultaneous liquid and atmospheric releases
When gaseous and liquid releases occur simultaneously, the simple addition of transfer due to atmospheric and liquid pathways would unrealistically overestimate the total carbon incorporation, which is finally controlled by the carbon budget of the plant itself. Thus, the total 14 C activity in the vegetal should be estimated by :
Transfer to animal based products
More than 99 % of the carbon uptake by bred animals comes from the ingestion of the foods that make up the daily ration: inputs of carbon from the ingestion of water or from the ground are negligible [7] . Assuming that the animal's food ration is contaminated with l4 C (no exogenous input), calculation of the specific activity of carbon in products of animal origin is done on the basis of that of plants by applying the equation (1) . Since plants are contaminated by atmospheric or liquid pathways, the l4 C activity in the products k of animal is respectively :
["eg" = -p-wm,,
1 '-co, Jflir and,
<p When both liquid and atmospheric pathways occur, the products k of animal origin combine the respective contributions of these pathways :
NUMERICAL APPLICATION
The formulations described above are illustrated by a numerical application taking into account mean unitary concentrations of 14 C in freshwater and in the air i.e. l l4 C}wal er= 1 Bq m" 3 and [ l4 C}air = 1 Bq m" 3 , which is only a scenario for calculation purposes, according to the fact that liquid and gazeous release rates would not actually lead to the same concentrations in the receptor mediums, water and air. The proportion of mineral carbon in atmospheric discharge is assumed to be equal to 0.2 whereas the carbon of the liquid discharge is assumed to be entirely in mineral form. In freshwater, carbon concentration is taken to be equal to 10 mg C 1 1 for the mineral form. The biosphere considered corresponds to a hypothetical French site where inhabitants derive all their foodstuffs, freshwater fish, vegetation and animal products, from a large steady state contaminated area. Plants are supposed to be irrigated with river water at a rate of 0.5 m 3 m" 2 y" 1 . The mean values for consumption by adult man adopted for this example have been established on the basis of the report by Quinault et al [8] and may be overestimated: some foods are not in fact produced in proximity to the nuclear plants considered or do not come from irrigated zones. The effective dose factor by ingestion is taken as 5.8 x 10"'° Sv Bq 1 for the adult [9] . Under these conditions, the effective dose equivalent is 40 uSv year 1 per Bq m" 3 for the atmospheric pathway and 0.097 uSv year" 1 per Bq m 3 for the liquid pathway. The contribution of the various foodstuffs to this dose is : plants 47 % (including 29 % for the cereals), dairy produce and eggs 32 %, meat 21 % for the atmospheric discharges, and, for the liquid discharges : fish 91 %. These values vary according to the food ration considered and according to the various hypotheses that have been described.
CONCLUSION
The proposed model for assessing the transfer in the environment, in the vicinity of the site, of 14 C emitted by PWRs under normal operating conditions aims to be more representative of the processes involved in the carbon cycle than the models generally presented in the literature. In particular, the utilisation of local parameters should make possible calculations of human doses that are better suited to the site studied, than default values proposed for these parameters.
The present study points out certain data that are lacking for the study of the fate of carbon in the environment, starting with the composition (nature and proportion) of carbon compounds discharged in liquid effluents. A better knowledge of the carbon cycle would also appear to be necessary , both at large scale (air-water exchanges, sea-land exchanges in spray, the taking into account of sediments as secondary source term in aquatic environment, etc.) and at small scale (determination of the kinetics of transformations of organic and mineral carbon and uptake of carbon in specific organic form by living organisms).
The proposed transfer model can only be used at equilibrium on the basis of the hypothesis of equality of specific activities between compartments, and offers the means to analyse a situation of chronic discharge defined by a constant concentration of 14 C in the receptor compartments, for the period studied. In the absence of existing information, the proposed model does not take into account the possibilities of isotopic fractionating of the carbon.
At present, there is no suitable model enabling estimation of the fate in the environment of occasional discharge of 14 C, for which the hypothesis of conservation of isotopic ratios is unsuited.
